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Desirable characteristics for thin-film dielectrics include low leakage currents, high electric field breakdown strength, and a low density of pinholes and interface traps. One particularly popular material satisfying these criteria is amorphous aluminum oxide (AlO x ). For example, thin Al films are found to wet magnetic transition metal alloys, and, when oxidized to completion, form high quality tunnel barriers that promise to be useful in spintronic 1 and magnetic tunnel junction applications. 2, 3 Since Al layers more than a few nanometers thick cannot be oxidized to completion, this technique is useful only for tunnel barriers. However, thicker AlO x can be anodized using Al as the base electrode, 4,5 or grown to a specified thickness by atomic layer deposition 6 or by sputtering techniques. [7] [8] [9] Such films have been successfully used for thickness-dependent capacitance studies, 4, 7, 8 characterization of metal-AlO x -silicon capacitors, 9 and for field-effect gating of conducting oxides 5 and superconductors. 10, 11 In this letter we present a systematic study of the electric field breakdown in Al-AlO x -Al trilayer structures where the insulating AlO x dielectric has a stoichiometry close to that of Al 2 O 3 and is deposited to different thicknesses with 5% accuracy in the range 30-300 Å using rf magnetron sputtering of an aluminum oxide target. The most straightforward estimate of the electric-field breakdown strength E b and the associated maximum areal charge density b is obtained by dividing the measured potential V m at breakdown (V m ϭV b ) by the known thickness d, i.e., E b ϭV b /d. Assuming that the entire voltage drop is across the dielectric, this corresponds to a surface charge density on the aluminum electrodes at breakdown given by
where is the relative permittivity of the dielectric, ⑀ 0 is the vacuum permittivity, and the superscript d reminds us that the estimate is made using the dielectric thickness. This procedure, however, must be used with caution, especially for thin dielectrics, because it ignores the voltage drops associated with the presence of interface states and/or the screening of electronic charge at electrode interfaces, thus overestimating the true breakdown potential. We show that this discrepancy can be remedied by using the measured capacitance C m to calculate the charge Q b ϭC m V b on the electrodes at breakdown. Thus, for electrodes with area A, the true surface charge density is given by
Here the superscript Q reminds us that a capacitance measurement is used to measure the charge Q on the electrodes.
can be quantitatively accounted for by modeling the voltage drop across the electrodes as the sum of the voltage drops V g and V i , respectively, across a geometrical bulk capacitance C g connected in series with an interface capacitance C i ͑see Fig. 3 inset͒. Accordingly, the use of Eq. ͑2͒ rather than Eq. ͑1͒ not only gives the correct value of the maximum surface charge density b that can be obtained near breakdown but also shows in a convincing manner that b Q is independent of d over the 30-300 Å range studied.
In modeling C i as a capacitor in series with C g , the measured capacitance should obey an equation of the form A/C m ϭA/C i ϩA/C g ϭA/C i ϩd/⑀ 0 . Accordingly, a plot of the reciprocal areal capacitance A/C m vs d will exhibit linear behavior with two fitting parameters: an intercept at dϭ0, which determines the value of A/C i , and a zero crossing at dϭϪd 0 on the negative d axis, which determines the effective plate separation d 0 below which C i dominates over C g . For thin film Al-AlO x -Al trilayers in which the AlO x was deposited using a dual-gun reactive ion beam sputtering technique, the values C i ϭ⑀ 0 A/d 0 ϭ1.62 F/cm 2 and d 0 ϭ50 Å were found. 8 We note that to first order d 0 is independent of , since it can be modeled as the product of and the sum of the respective screening lengths of both electrodes. 12 Using the series capacitance model, one immediately recognizes that the series combination of C i and C g acts as a voltage divider ͑see inset to Fig. 3͒ and that the voltage, V g ϭV m C i /(C i ϩC g ), across the bulk dielectric is thus less than the measured voltage V m . Calculating directly the true charge density 
to be in agreement with Eq. ͑2͒. Accordingly, it is necessary to make a capacitance measurement to obtain the correct value of b and the associated breakdown field E b . These effects have been overlooked in previous studies of thin-film dielectric breakdown in AlO x films. 6, 9, 13, 14 For all dielectric depositions the argon pressure was regulated at a pressure of 3 mTorr, well above the system base pressure of 1.5ϫ10
Ϫ8 Torr. The oxides were typically sputtered ͑rf power at 30 W͒ at a rate of 2.5 Å/min onto 5 cmϫ5 cm oxidized silicon substrates precoated with 60-nmthick aluminum base electrodes deposited using thermal sublimation in a separate chamber. A quartz crystal monitor, calibrated using atomic force microscopy, was used to measure the dielectric thickness. Substrate rotation at approximately one revolution per minute was found to reduce current leakage and increase breakdown strength. The Al counter electrodes were thermally evaporated through a 3 mm diameter circular aperture to a thickness of 60 nm.
Oxides sputtered using three different deposition techniques were compared. The first method ͑method 1͒ involved sputtering the oxide target in a 3 mTorr Ar environment. The second method ͑method 2͒, with identical deposition parameters, included a 30 min pregrowth target-conditioning step in an additional 3 mTorr O 2 partial pressure. Samples were introduced into the chamber through an evacuated load-lock after conditioning the target. This procedure prevented exposure of the conditioned target to atmospheric gases. Method 3 involved sputtering the oxide with oxygen present in the chamber during deposition. For each of the different deposition methods, four samples measured at each thickness contribute to the error bars in the data gathered. Figure 1 depicts typical I -V curves of two 300-Å-thick barriers, one sputtered with oxygen present in the chamber ͑method 3͒ and the other sputtered from a conditioned target ͑method 2͒. Since E b can depend on the bias voltage ramp speed, 15 consistency between measurements was maintained by using the same ramp rate of 10 V/h for all measurements. Dielectric breakdown is defined to be the point at which the I -V curves become noticeably nonlinear and irreversible. For the data in Fig. 1 , this corresponds to approximately 13 V for the conditioned case ͑method 2͒ and 6.4 V for the sample grown with oxygen in the chamber ͑method 3͒. For all thicknesses measured, the oxides deposited with O 2 present in the chamber have larger leakage currents and significantly lower breakdown strength when compared to the oxides deposited in a pure argon ambient using a conditioned target. Samples grown employing method 1 ͑unconditioned target and no oxygen present during deposition͒ exhibit I -V characteristics similar to those depicted for method 2, with the exception of a systematically lower breakdown voltage. Table I are in good agreement with previously published results on ion-beam sputtered AlO x . 8 Similar results for barriers formed using methods 2 and 3 are also shown in Table I . For the method 3 dielectrics, the systematically larger value of d 0 reflects a more diffuse interface, a result consistent with the higher leakage currents and lower breakdown voltages observed for these dielectrics.
Using the series capacitance model together with Eqs. ͑1͒ and ͑2͒, it is straightforward to show that the ratio of the experimentally determined surface charge densities,
for the breakdown measurements obtained for samples made by each method do indeed show this predicted linear dependence with intercepts at the origin and slopes that are equal to the crossover thickness, d 0 , as previously defined for the capacitance measurements. As seen in Table I, . This charge density corresponds to a breakdown field E b ϭ2.1 MV/cm, well below the higher values near 10 MV/cm reported in the literature 6,9,16 -18 and also found in our experiments ͑Fig. 3, open circles, right-hand axis͒ using the overestimated values implied by Eq. ͑1͒ for the thinnest samples.
Low temperature measurements at liquid nitrogen temperatures ͑77 K͒ on a small subset of typical samples provide further evidence for the appropriateness of the interface capacitance model. For a typical capacitor with thickness 100 Å, we observe the measured capacitance C m to be 10% lower at 77 K than at room temperature, while the breakdown voltage V b was higher at 77 K compared to room temperature by a slightly higher percentage. The relative increase in breakdown strength, expressed as the ratio b Q (77 K)/ b Q (300 K), is always observed to be less than the measured relative increase in breakdown voltage, i.e., V b (77 K)/V b (300 K). In previous work on Al-AlO x -Al thin-film capacitor structures 8, 19 the low frequency dispersion and, hence, the temperature dependence has been shown to arise primarily from the contribution of thermally activated interface states. Thus, with decreasing temperature, thermally activated charge redistributions associated with these interface states become less frequent and most of the measured decrease in C m is due to a decrease in C i rather than a decrease in C g . Since as a consequence of the series capacitance model, V g ϭC i V m /(C i ϩC g ), a decrease in C i therefore implies a corresponding decrease in V g . Accordingly, at low temperatures the applied voltage must be increased, as is experimentally observed, in order to reach the same or higher breakdown field measured at higher temperatures. The primary advantage of low-temperature operation is not the relatively small increase in intrinsic breakdown strength but rather the substantial decrease ͑up to four orders of magnitude near breakdown͒ in leakage currents.
In conclusion, we have presented recipes for the rf sputter deposition of high quality thin-film AlO x dielectrics and shown that the voltage drop across a series-connected interface capacitance must be taken into account to avoid overestimating the true breakdown field. Measurements of the breakdown voltage and the capacitance, give consistent results when analyzed using a model employing an interface capacitance connected in series with a geometrical capacitance. Using this model we find that the breakdown field and the corresponding maximum in the induced surface charge density is independent of thickness over the range 30-300 Å. Low temperature operation assures a lower leakage current but does not significantly improve the breakdown field. 
